Despite a considerable literature describing the biology of flies in the tephritid genus Rhagoletis, the phylogenetic relationships of the more than 60 species classified within the genus are not well resolved. Knowledge of these relationships is important, not only in terms of obtaining information that will be useful for the control of Rhagoletis where it is an agricultural pest, but also in determining what role host plant shifts have played in the generation of Rhagoletis species diversity, a focal point in debate over the role of sympatric speciation in the evolutionary process. In this paper, the phylogenetic history of 28 Rhagoletis species and 6 species in related tephritid genera is inferred from nucleotide sequences of subunit II of the mitochondrial cytochrome oxidase (COII) gene and the adjacent tRNA Leu /COII intergenic region. Analyses of the data using distance and character-state approaches suggest the following: (i) the genus Rhagoletis as currently defined is not monophyletic; (ii) the 5 predominantly North American Rhagoletis species groups do constitute a monophyletic assemblage; (iii) the North American species groups form 2 clades, 1 consisting of taxa in the R. pomonella and R. tabellaria species groups (plus R. fausta), and the other consisting of taxa in the R. ribicola, R. cingulata, and R. suavis species groups; and (iv) the origin(s) of the North American species groups is obscure, as evidenced by the recovery of clades containing both Palearctic and Neotropical taxa. Areas of congruence and conflict with published phylogenies of Rhagoletis are examined and, while many areas of conflict may be due to an insufficient number of characters or incomplete taxon sampling, we cannot discount the possibility that real differences exist between the Rhagoletis mitochondrial DNA gene tree and the Rhagoletis species tree. r 1997 Academic Press
INTRODUCTION
The genus Rhagoletis (Diptera: Tephritidae) contains more than 60 described species distributed throughout Eurasia and the New World. Rhagoletis poses a challenging phylogenetic problem due not only to the number of species in the genus, but also to the broad geographic distributions and complex pattern of host associations of these species. Many Rhagoletis species have been placed in taxonomically defined species groups (Bush, 1966; Foote, 1981; Berlocher and Bush, 1982 ; see Table 1 ), and five of these groups (the pomonella, tabellaria, ribicola, cingulata, and suavis groups) contain most North American Rhagoletis. While the pomonella, cingulata, and suavis groups are believed to be endemic to North America, the ribicola and tabellaria groups may have originated in Eurasia where they are more speciose (Berlocher and Bush, 1982) . Two Rhagoletis species groups are considered to be of Eurasian origin (alternata and cerasi), while four others are Neotropical (nova, psalida, striatella, and ferruginea) .
Several Rhagoletis species are important agricultural pests, with their larval stages infesting fruit of apple, cherry, blueberry, currants, and walnuts. However, the genus Rhagoletis is better known to evolutionary biologists as a model system for studying modes and mechanisms of speciation. Many Rhagoletis species have apparently arisen in sympatry by shifting and subsequently adapting to a new host plant. The driving force for genetic divergence and speciation in many Rhagoletis is believed to be the ecological separation of populations, resulting from host plant shifts coupled with the fact that these flies mate only on their host plant (Bush, 1992) .
One of the major obstacles to understanding the evolution of host preference and the pattern of host shifts and speciation in Rhagoletis is the lack of a well-supported phylogeny for the genus. Previous phylogenies have been published for Rhagoletis based on morphology, karyotype, and host plant data (Bush, 1966) , and morphological (Berlocher, 1981) and electrophoretic data (Berlocher, 1981; Berlocher and Bush, 1982; Berlocher et al., 1993) . However, these studies have not provided a clear picture of the evolutionary history of the genus. One of our long-term objectives is to obtain phylogenetic estimates for Rhagoletis based on morphology, cytogenetic data, allozyme data, and DNA sequences from several independent genetic loci. These phylogenies will be useful in the study of character evolution within Rhagoletis, in particular the evolution of life history traits and host plant associations believed to be directly involved in species divergence.
In this paper, we examine the phylogenetic relationships of Rhagoletis species using DNA sequences of subunit II of the mitochondrial cytochrome oxidase (COII). Our choice of mitochondrial DNA, and in particular COII, for our initial molecular phylogeny is based on many factors. First, insect mitochondrial DNA behaves as a single, maternally inherited, haploid genetic marker with an apparent lack of recombination (Harrison, 1989) . Second, COII nucleotide sequences have been used widely to study phylogenetic relationships in insects (Willis et al., 1992; Liu and Beckenbach, 1992; Beckenbach et al., 1993; Brown et al., 1994; Sperling and Hickey, 1994; reviewed in Simon et al., 1994) providing a basis for systematic comparisons. Third, the evolution of COII has been studied in a diverse array of organisms, ranging from prokaryotes to plants to vertebrates, and structure/function relationships within the COII protein have been characterized (Saraste, 1990) . In this paper, hypotheses of relationship for Rhagoletis species are proposed on the basis of both distance (neighbor-joining) and discrete character (maximum parsimony) analyses of the mitochondrial COII nucleotide sequences. These are used to examine the relationships of Rhagoletis taxa, identify areas of congruence and conflict with other Rhagoletis phylogenies, and comment on possible reasons for observed differences.
MATERIALS AND METHODS

Taxon Sample
The insect sample contains 42 terminal taxa consisting of individual flies from 28 described Rhagoletis species, 3 undescribed Rhagoletis species or geographic races (R. nr. pomonella MX, R. n. sp. A., and R. n. sp. B), and 6 species in related tephritid genera (Table 1) . The sample focuses on North American Rhagoletis species, including representative taxa from 22 of the 24 described North American species (R. acuticornis and R. ebbettsi were unavailable) in addition to the 3 undescribed taxa. Each of the 5 taxonomically defined North American species groups (Bush, 1966) is represented by at least 2 taxa.
As mentioned, the sample includes several flies of uncertain taxonomic status. Within the R. pomonella species group we have included R. nr. pomonella MX (Mexican pomonella) and R. n. sp. A (the flowering dogwood fly). Mexican pomonella infests Crataegus spp. (and apple) in central Mexico, but is geographically isolated from the remainder of R. pomonella (Bush, 1966) . The flowering dogwood fly infests Cornus florida in the eastern United States and was included in the phylogenetic analysis of R. pomonella group species of Berlocher et al. (1993) .
In the R. tabellaria species group are four taxa of note. R. tabellaria WA-1 is representative of flies infesting Cornus stolonifera in Idaho and Washington, extending the known range of R. tabellaria on Co. stolonifera over 1000 miles westward (Bush, unpublished data Foote et al. (1993) , Carpomya, Rhagoletotrypeta, and Zonosemata share with Rhagoletis classification within the subtribe Carpomyina within the tribe Trypetini. Oedicarena is also a member of the Trypetini but is unplaced within it. Euphranta shares with Rhagoletis taxonomic designation at the subfamily level (Trypetinae), while C. capitata, a member of the subfamily Dacinae, is the most distantly related of the outgroups, sharing only the family designation.
The taxonomic sample is by design similar to the one used in Berlocher and Bush (1982) , allowing comparisons to be made between the two studies. Due primarily to the expense involved in amplifying and sequencing polymerase chain reaction (PCR) products, most species are represented by a sequence from a single individual.
DNA Isolation
DNA from individual adults, pupae, or larvae was isolated using a modification of the protocol of Bender et al. (1983) . Flies were homogenized in buffer [100 mM Tris, pH 9.1, 100 mM NaCl, 200 mM sucrose, 50 mM EDTA, 0.5% (w/v) SDS] and crude homogenates were then incubated at 65°C for 30 min. KOAc (final concentration, 1 M) was added to precipitate protein, which was then removed along with cell debris by centrifugation. Residual protein contaminants were subsequently extracted with phenol:chloroform:isoamyl alcohol (25: 24:1) and chloroform:isoamyl alcohol (24:1). After EtOH precipitation and resuspension in TE (10 mM Tris, 1 mM EDTA, pH 8) containing 50 µg/ml RNase A, DNA was quantitated by spectrofluorometry. Typical yields for an individual Rhagoletis were 500-1000 ng of DNA per fly.
For some flies, purified DNA was obtained from Dr. Bruce McPheron (Pennsylvania State University). These DNA samples were obtained using the protocol of Han and McPheron (1997) . It was our impression that this protocol gave higher DNA yields with less degradation than the protocol adapted from Bender et al. (1983) and was subsequently adopted for use in the latter stages of the study for all DNA isolations.
In most cases, flies were collected as larvae in infested fruit. Third instar larvae were allowed to emerge, pupate in vermiculite, and overwinter. Adults were subsequently reared and frozen at 280°C until use. However, DNA was also isolated from both pinned specimens and specimens preserved in 70% ethanol. For these extractions, the protocol of Han and McPheron (1997) was used.
Polymerase Chain Reaction
Polymerase chain reactions were carried out using a Perkin-Elmer GeneAmp 9600 Thermal Cycler and conditions adapted from Versalovic et al. (1991) . Reactions were 25 µl containing 10-100 ng of DNA template (quantitated by spectrofluorometer), 0.2-0.4 µM (5-10 pmol) each primer, 1.25 mM each dNTP, 13 Gitschier buffer (67 mM Tris-HCl, pH 8.8, 16.6 mM (NH 4 ) 2 SO 4 , 6.7 mM MgCl 2 , 6.7 µM EDTA, 30 mM b-mercaptoethanol), BSA (160 ng/µl), 10% DMSO (v/v), and 2 units of AmpliTaq DNA polymerase (Perkin-Elmer-Cetus). The thermal cycling regime was: 95°C for 7 min; 35 cycles of 94°C for 1 min, 42-60°C for 1 min, 65°C for 8 min; and 65°C for 15 min.
Oligonucleotide Primers
Oligonucleotide primers used for PCR and DNA sequencing are listed in Table 2 . Primer synthesis was carried out at the Macromolecular Structure, Synthesis and Sequencing Facility in the Michigan State University Department of Biochemistry. The COII gene was amplified as a single fragment from most individuals using either the C1-J-2792/TK-N-3772 or the C1-J-2183/ TK-N-3772 primer pair. In some cases, most notably pinned specimens, COII was amplified in two pieces using the C1-J-2792/C2-N-3287 and C2-J-3291/TK-N-3772 primer pairs.
DNA Sequencing
DNA sequencing was carried out at the MSU-DOE Plant Research Laboratory DNA Sequencing Facility using cycle sequencing with dye terminator chemistry and an ABI373A DNA Sequencer (Applied Biosystems). In all instances except two, PCR products were sequenced directly after purification (Wizard PCR Preps; Promega, Madison, WI) and quantitation. The two exceptions (R. mendax MI, and R. pomonella MI-2) were obtained from cloned PCR products. Cloning was achieved by ligation of purified PCR products into pBluescript II(KS 2 ) (Stratagene, La Jolla, CA) after modification of the vector by the addition of a 38 thymine residue as described by Holton and Graham (1991) .
Complete DNA sequences of COII (both strands) were obtained from several individuals representing diverse Rhagoletis and outgroup lineages (R. zephyria, R. nr. pomonella MX, R. berberis, R. ribicola, R. cerasi, R. meigeni, R. conversa, Ca. shineri, Rh. pastranai) . These sequences served as reference sequences for editing sequences from other taxa. Each sequence was edited on a nucleotide-by-nucleotide basis using the computer program SeqEd (Applied Biosystems). Sequences are available from GenBank (Accession Nos. U53229-U53270) and the aligned data block is available in Nexus format from the first author upon request.
Phylogenetic Analysis
Data were analyzed by neighbor-joining analysis of pairwise Jukes-Cantor distances (Jukes and Cantor, 1969) using MEGA (Kumar et al., 1991) with C. capitata specified as the outgroup. Tamura distances and Kimura distances did not differ greatly from the JukesCantor distances, nor did trees generated using them. For example, the most distant pair of taxa (O. lati- Simon et al. (1993) a Primers are named according to the convention of Simon et al. (1994) . b Drosophila yakuba position based on sequence of Clary and Wolstenholme (1985) .
frons-R. meigeni) had a Jukes-Cantor distance of 0.197 while the Kimura distance was 0.201, a difference of 2.0%. In accordance with Kumar et al. (1991) , the simpler metric with a lower error (Jukes-Cantor) was chosen for use in the analysis. Maximum parsimony was carried out using PAUP, version 3.1.1 (Swofford, 1993) . Trees were obtained using the heuristic search option with random sequence addition and TBR branch swapping. To discover if multiple islands of most-parsimonious trees existed, 10 replicates of the random addition procedure were performed. Initial searches were performed with each character weighted equally. To choose among equally parsimonious cladograms (Carpenter, 1988) obtained in the equal-weighting analysis, the data were analyzed using the successive approximations method of Farris (1969) . For this analysis, characters were weighted a posteriori on the basis of the maximum values of their rescaled consistency indices (Farris, 1989) within the set of most-parsimonious reconstructions (MPRs) in the equal weighting analysis.
Felsenstein's bootstrap approach (Felsenstein, 1985) was used to place confidence estimates on the groups contained in the most-parsimonious trees. The relative strength of neighbor-joining clusters was assessed by calculating bootstrap confidence limits (BCL; see Kumar et al. 1991 ) based on 500 replicates. In the maximum parsimony analysis, 100 bootstrap replicates were carried out. For the purposes of discussion, ''BCL'' refers to bootstrap values obtained for neighbor-joining trees, while ''bootstrap'' refers to values obtained for parsimony trees. In addition, branches are classified as being ''well-supported'' when bootstrap values are $90, ''moderately well-supported'' when values are $70 but ,90, and ''weakly supported'' when values are $50 but ,70. Hillis and Bull (1993) have shown that bootstrap values .70 generally correspond to a 95% probability that the data consistently support a given clade.
Assessment of branch support by the method of Bremer (1994) , in which the extra length needed to lose a branch in the consensus of the near-most-parsimonious trees is quantified, was attempted but was found to be of limited value in the current data set due to the high number of most-parsimonious and near-mostparsimonious trees. It was not possible to obtain all trees that were no more than three steps longer than the most-parsimonious trees, as RAM was exhausted after storing 23,791 such trees.
Various tree parameters, including tree length, retention index, and consistency index, were compared for different phylogenetic hypotheses by reconstructing and manipulating trees using MacClade version 3.02 (Maddison and Maddison, 1992) . MacClade was also used to examine the evolution of individual characters.
RESULTS
COII Variation
The cytochrome oxidase II gene was 687 nucleotides in all Rhagoletis and 3 of the 6 outgroup taxa analyzed, and 684 nucleotides in Z. electa, O. latifrons, and E. canadensis, where it was found to be truncated at the 38 end. Variability was observed at 289 nucleotide positions (42.1%) with 210 of these being phylogenetically informative. Fifty of the informative sites (23.8%) were at first positions, 15 (7.1%) were at second positions, and 145 (69.1%) were at third positions. Within Rhagoletis, Jukes-Cantor distances ranged from 0.000 (no differences were observed in the pairwise COII sequence comparisons of R. cingulata-R. indifferens and R. osmanthi-R. chionanthi) to 0.158 (R. cerasi-R. berberidis). The distances from outgroup taxa to Rhagoletis taxa had a maximum of 0.197 (O. latifrons-R. meigeni), which was also the maximum of all pairwise comparisons, including those between outgroup taxa.
Inferred COII protein sequences obtained by translation of the nucleotide sequences were 229 amino acids for each of the taxa in the sample except Z. electa, O. latifrons, and E. canadensis, which were 228 amino acids. Variability was observed at 72 amino acid residues, with 39 of these being phylogenetically informative.
Variation in the tRNA Leu /COII Intergenic Region
The tRNA Leu /COII intergenic sequence varied considerably within the taxon sample, ranging in length from 3 nucleotides (R. conversa and Z. electa) to 47 nucleotides (R. boycei). Without exception, Rhagoletis taxa in the five North American species groups had 13 or more nucleotides located between tRNA Leu and COII, while the outgroup taxa and Rhagoletis species in Palearctic and Neotropical species groups had 10 or fewer nucleotides between tRNA Leu and COII (Fig. 1) . Many of these sequences have the potential to form stable ''stem-loop'' secondary structures, as shown previously for mtDNA intergenic regions by Clary and Wolstenholme (1985) . Of note is the fact that the sequences from the following taxa can all be derived from the R. pomonella group sequence by a single nucleotide insertion or substitution event: R. cornivora; R. cingulata group; R. tabellaria group; R. juniperina/R. fausta; R. suavis; and R. juglandis. None of these ''derived'' sequences can be obtained from another derived sequence by a single mutation (except R. suavis and R. juglandis).
Neighbor-Joining Analysis
Neighbor-joining analysis of Jukes-Cantor distances was based on the 687-nucleotide COII data set. Unambiguous assignment of homologous nucleotide positions within the tRNA Leu /COII intergenic region (Fig. 1) was not achieved, and this region was excluded from the neighbor-joining analysis. The neighbor-joining tree (Fig. 2) illustrates the relative genetic distances between the sequences analyzed. If the COII molecular clock has been constant within these lineages, the branch lengths will be directly proportional to time since divergence. However, to our knowledge, the constancy of the COII molecular clock has not been demonstrated, and conclusions drawn from COII divergence times must take this into consideration.
The North American Rhagoletis species groups (including the three undescribed taxa and R. fausta) form a moderately well-supported cluster (BCL 5 73; Fig. 2 ). Each North American taxon, except for two, clustered with the other members of its species group; R. cornivora failed to group with the remainder of its R. pomonella group sister taxa, and R. juniperina did not cluster with its presumed R. tabellaria group relatives. Excluding these two taxa, four of the five North American species groups (R. pomonella, R. tabellaria, R. cingulata, and R. suavis) were well supported (BCL . 90); the R. ribicola group was recovered with BCL 5 57. The tree suggests that the R. pomonella and R. tabellaria groups (including the unplaced taxon R. fausta) form one cluster, while the R. cingulata, R. suavis, and R. ribicola groups form another. However, these clusters do not have bootstrap support (BCL 5 48 and 34, respectively).
Several relationships are suggested by the tree, e.g., the grouping of R. meigeni with the outgroup Z. electa, and the European R. berberidis with the Neotropical outgroup O. latifrons. However, with the exception of   FIG. 1 . Character states and potential secondary structures for the tRNA Leu /COII intergenic region. Nucleotide sequences of the region located between the mitochondrial tRNA Leu and COII genes are shown for each of the 42 taxa in the data set. The number of nucleotides in a given sequence is shown in parentheses below the taxon name(s). Sequences are shown in their potential ''stem-loop'' secondary structure conformations. In each structure, the last three nucleotides of tRNA Leu (GAA) and the first three nucleotides of COII (ATG) are also shown. pairing the sibling species R. alternata and R. basiola, the placements of the remainder of both the Rhagoletis and the outgroup taxa did not have bootstrap support in the neighbor-joining analysis.
Maximum Parsimony Analysis
Maximum parsimony analysis of the COII data, including the sequences of the tRNA Leu /COII intergenic region as a single multistate character, yielded 48 MPRs of 859 steps (CI 5 0.390, RI 5 0.542, RC 5 0.211). A strict consensus of these 48 trees is shown in Fig. 3a . A North American clade consisting of all five North American species groups was weakly supported (bootstrap 5 62) while four of the five North American species groups were well supported as individual clades (bootstrap . 90). Again the placements of R. cornivora, R. juniperina, and R. fausta were unresolved. The parsimony trees also suggest, as did the neighborjoining tree, that the R. pomonella and R. tabellaria groups (including the unplaced taxon R. fausta) form a sister group to a clade consisting of the R. cingulata, R. suavis, and R. ribicola species. However, bootstrap support was minimal (bootstrap 5 50).
Subsequent analysis using the successive approximations method of Farris (1969) yielded four MPRs, and reiteration of weighting and reanalysis yielded the same four trees. A strict consensus of these trees is shown in Fig. 3b . Weighting improved the taxon resolution in several areas, mainly within the North American clade. The R. ribicola group is now supported (bootstrap 5 59), as are clades consisting of the R. ribicola, R. cingulata, and R. suavis groups combined (bootstrap 5 61), and the R. cingulata and R. suavis groups combined (bootstrap 5 69). Bootstrap support was also observed for a clade containing R. juniperina and R. fausta (bootstrap 5 67), although this grouping was not recovered in the consensus tree (Fig. 3b) . Also of note is support for grouping R. cerasi with the outgroup taxon Ca. shineri (bootstrap 5 81), R. stria- 
DISCUSSION
The Value of a Mitochondrial DNA Gene Tree
Much has been written about the phylogenetic signal present in different classes of data (e.g., Hillis, 1987) , whether or not data from different classes should be analyzed alone or in some combination (see Miyamoto and Fitch, 1995) , and the relationship of individual gene trees (e.g., mitochondrial gene trees) to species trees (see Doyle, 1992) . Swofford (1991) argues that logically independent data sets should be combined only when the phylogenies from each data set, analyzed separately, are expected to converge upon a single solution. Species trees can be thought of as some (as yet undefined) combination or function of individual gene trees (Maddison, 1995) . Congruent phylogenies from independent genes (or combinations of genes) strengthen species trees; conflicting phylogenies point out areas requiring further study and beg the question ''why are they different?'' Thus, examination of individual gene trees is important, and a well-resolved estimate of the Rhagoletis mitochondrial DNA gene tree would be quite instructive.
Morphological and mitochondrial DNA characters are logically independent, and in Rhagoletis apparently do not always converge on a single solution. For example, in two pairs of sibling species (R. cornivora and R. pomonella in the pomonella group and R. cerasi and R. berberidis in the cerasi group), morphological divergence has been minimal (Bush, 1966; Jermy, 1961) , while genetic divergence based on both allozymes and mitochondrial DNA has been significant (Berlocher and Bush, 1982 ; this study). The Jukes-Cantor distance between the COII sequences of R. cerasi and R. berberidis was 0.158, the largest distance observed within the genus. Morphological similarity prevented recognition of R. cerasi and R. berberidis as distinct species until 1961 (Jermy, 1961) , despite the fact that R. cerasi was first described by Linnaeus in 1758 (Berlocher and Bush, 1982) . In contrast, considerable morphological divergence has occurred between other species pairs that are genetically less divergent, e.g., R. juniperina and R. fausta (see Bush, 1966; Berlocher and Bush, 1982; this study) .
Similarly, the morphological divergence of R. cornivora and the remainder of the R. pomonella group is relatively minor (Bush, 1966; Jenkins, 1996) . However, genetic divergence between R. cornivora and the other R. pomonella group species is significant, judging by both allozymes (Berlocher and Bush, 1982) and mitochondrial COII sequences (5.4-6.4% uncorrected divergence). Thus, phylogenetic placement of R. cornivora, clearly the sister taxon to the remainder of the pomonella group using morphological criteria (Bush, 1966; Berlocher, 1981) , has been variable in allozyme trees (Berlocher, 1981; Berlocher and Bush, 1982) and is poorly resolved in the mitochondrial COII trees (Figs. 2  and 3) . Again it appears that genes and morphology are behaving differently, and it is unclear whether the observed data are due to selection acting on morphology or due to population genetic processes (stochastic lineage sorting and drift).
Monophyly of Rhagoletis and Origins of the Genus
Phylogenies derived from analysis of the mitochondrial COII data are consistent with the observations of several workers suggesting that the genus Rhagoletis as currently defined is not monophyletic (Norrbom, 1989; Foote et al., 1993; McPheron and Han, 1997) . Constraining the parsimony analysis (equal weighting) to force Rhagoletis to be a monophyletic group required 7 additional steps (tree length 866 vs 859). In addition, in both the neighbor-joining and the parsimony analyses, Rhagoletis and outgroup taxa were paired in numerous instances (e.g., the Eurasian R. meigeni and the Neotropical outgroup Z. electa, Fig. 2 Figs. 3a and 3b) . However, bootstrap support for these relationships was observed only in the weighted parsimony analysis (Fig. 3b) .
Analysis of the COII data also suggests that the Palearctic and Neotropical Rhagoletis taxa are not reciprocally monophyletic, consistent with the suggestion that Rhagoletis arose from a broadly distributed common ancestor (Bush, 1966) . However, the weak (or absent) bootstrap support for intergroup relationships within the North American Rhagoletis (see below) and the interrelationships of the North American, Palearctic, and Neotropical Rhagoletis species (and the outgroup taxa) suggest that the mitochondrial COII data are insufficient to resolve these more distant relationships. Similar problems have been encountered with 16S mitochondrial DNA data (McPheron and Han and McPheron, 1997) as well as with both morphological (Bush, 1966) and allozyme data (Berlocher and Bush, 1982) .
Nonetheless, with C. capitata (subfamily Dacinae) specified as the outgroup, there was bootstrap support in all three analyses for a sister taxon relationship of E. canadensis (subfamily Trypetinae, tribe Euphrantini) to the remainder of the taxa (all members of subfamily Trypetinae, tribe Trypetini). However, the current data set did not resolve intergeneric relationships within the Trypetini, and both more characters and more inclusive taxon sampling will be required to do so. Very few South American Rhagoletis were included in this study; missing are the majority of the R. striatella and R. nova groups, and the entire R. ferruginea and R. psalida species groups (see Foote, 1981) . There are also several Rhagoletis species in Eurasia, presumably related to R. tabellaria group species, that infest both Juniperus spp. and Lonicera spp. (Rohdendorf, 1961; Kandybina, 1972) . Any attempt to put Rhagoletis in its proper global perspective will be greatly assisted by inclusion of these taxa in the analysis.
North American Rhagoletis
The mitochondrial COII data suggest that members of the five North American species groups ( pomonella, tabellaria, ribicola, cingulata, and suavis) form a moderately well-supported monophyletic assemblage (Figs.  2 and 3) . Monophyly of these five species groups was also observed using 16S mtDNA sequences , electrophoretic enzyme alleles (Berlocher and Bush, 1982) and cytogenetic analyses (Bush, 1966) , which showed that only Rhagoletis taxa in North American species groups have a ''dot'' acrocentric chromosome. The results are also consistent with previous observations that most of the North American Rhagoletis are more specialized taxa with morphological features that are or appear to be derived with respect to homologous structures in Neotropical and Palearctic taxa (Bush, 1966) . Finally, examination of the tRNA Leu / COII intergenic sequences is interesting in this respect; all taxa in the five North American species groups have 13 or more nucleotides located between these two genes, while all other taxa in the sample have 10 or fewer (Fig. 1) .
Within the North American Rhagoletis species groups, the data suggest that taxa belonging to the R. pomonella and R. tabellaria species groups (including the unplaced R. fausta) form a monophyletic assemblage (Figs. 2 and 3 ). This result is in agreement with that obtained by McPheron and Han (1997) and strengthens their idea that the previously unplaced R. fausta belongs within the combined R. pomonella and R. tabellaria species groups. In general, resolution within both the R. pomonella and R. tabellaria species groups was quite good (Figs. 2 and 3) , with the notable exception of the placements of R. cornivora, R. juniperina, and R. fausta.
Divergence of the pomonella group species R. pomonella, R. zephyria, and R. mendax has apparently occurred quite recently. The placement of R. nr. pomonella from Mexico (present day host Crataegus mexicana) as the sister taxon to the R. pomonella species group (excluding R. cornivora) is well supported in both the neighbor-joining and the maximum parsimony analyses (Figs. 2 and 3) . The COII sequence from R. nr. pomonella differs from the COII sequence of R. pomonella NS by 22 transition substitutions (3.2% divergence). Using a rate estimate for mtDNA of 2.1% sequence divergence per million years (Brower, 1994b) as a rough approximation, we calculate that R. nr. pomonella from Mexico shared a common ancestor with its sister group approximately one million years ago.
Extending this logic shows that divergence of R. pomonella, R. zephyria, and R. mendax has occurred much more recently.
The COII data weakly support the placement of the R. ribicola, R. cingulata, and R. suavis groups together as a monophyletic group (Figs. 2 and 3b) . Independent support for this clade comes from Berlocher's (1993) observation that allozyme loci display similar sexlinkage patterns in the ribicola, cingulata, and suavis group species. Bootstrap analysis of the COII data also supported a clade with the R. cingulata and R. suavis groups combined (Figs. 2 and 3b) . Morphological characters support this relationship, as taxa within the R. cingulata and R. suavis groups each have a tuft of long setae at the tip of the surstyli, while in other Rhagoletis these setae are absent or sparse (Jenkins, 1996) . Also, analysis of nuclear ribosomal ITS sequences placed R. suavis as a sister taxon to the R. cingulata species group (Ming, 1995) . However, this proposed sister group relationship conflicts with the allozyme phylogeny of Berlocher and Bush (1982) , and the analysis of mitochondrial ribosomal DNA in the accompanying paper by McPheron and Han (1997) , which suggests that the R. suavis group is a sister group to the remainder of the North American Rhagoletis. When analyzed on the basis of the COII data, making the R. suavis group a sister group to the other four North American species groups resulted in trees that were 6 steps longer than the equal weighting trees (treelength 865 vs 859).
